Introduction
The effects of applied current on curvature are apparently related to the problems of hormone transport and growth in the Avena coleoptile. Only inconsistent results have been obtained by tfie limited number of investigators who have published in this field.
CLARK (3, 4) passed 0.8 uampere at 1.5 volts for 1 hour through forty 3-millimeter coleoptile sections placed between agar blocks. He maintained that this treatment did not influence the longitudinal transport of auxins even though the inherent electrical polarity of the sections was changed.
Careful analysis of the experimental procedure used by CLARK, and even his interpretation, reveal them subject to serious criticism (6) . CHOLODNY and SANKEWITSCH (2) have demonstrated that elongation of isolated Avena coleoptiles can be altered by applied direct current of 10-7 to 10-6 amperes. They observed an acceleration of growth, which lasted for a short time and, in-most cases, was followed by a definite retardation of growth when the current was directed from the base to the apex. Similar current flow in the opposite direction retarded elongation of the coleoptile in most instances. These results are not in agreement with CLARK'S data. K6GL (8) was able to influence Avena coleoptile curvature by applying current. He used decapitated plants and a current of 0.0008 milliampere. A moistened silk thread attached to a cube of agar containing auxin was used as one contact. This cube of agar was placed on one side of the decapitated coleoptile. The second contact was attached to the basal portion of the plant. KiOGL's results show that the coleoptiles reacted to a given quantity of growth hormones by a 12-fold more extensive bending when the agar cube was connected to the negative pole than when it was connected to the positive pole. Recently, DuBuY and OLSEN (6) reported experiments in which they applied 30 ,uamperes for 1 minute. Their contacts were placed on the same side of the coleoptile, 1 and 6 millimeters below the apex. This longitudinal application of current induced bending which was independent of the direction of the current flow. SCHRANK (11) has demonstrated that the Avena coleoptile responds to a direct current of 5 to 20 uamperes applied transversely for 2 minutes to a 5 millimeter apical segment by bending toward the electropositive side of the current applying circuit and by establishing a transverse electrical polarity. These data (11) show that the rate and magnitude of the curvature manifested are dependent on the intensity of the applied current, and that the direction of bending anid the orientation of the polarity are determined by the direction of the current flow.
The present experiments are an extension of these earlier studies.
Apparatus and methods Most of the details concerning the experimental procedure, laboratory conditions, technique of growing and handling the oats, and the apparatus employed were described in an earlier paper (10) . Only a few specific features need to be recalled.
All experiments were performed under a ruby glass neon light in a dark room with the temperature controlled. Only coleoptiles of the Victory Strain Avena sativa (U. S. Department of Agriculture, C.I. 2020)3 were used. A bridge type circuit (9) with two 6 volt lead storage batteries in series as the current source was used to apply the current. Current was measured with a Leeds and Northrup type HS galvanometer calibrated so that 5 scale divisions equalled to 1 tuampere. Several measurements of resistance across transverse sections of the coleoptile were made with a. Weston Model 785 Industrial Circuit Tester. Contact was made by the same method as for applying current. Resistances varying from 270,000 to 440,000 ohms were observed. This means that in order to get the required current the IR drop across the coleoptile would vary from 2.7 to 4.4 volts. Glass tubes 1 millimeter in diameter were used as the contacts with Shive 's solution in tap water as the contact medium. Only the droplets of solution, which extend out of the open end of the glass tubing contacts, were permitted to touch the coleoptiles.
Two pairs of isoelectric ( ± 0.5 mv) zinc-zinc sulphate electrodes were used. These were placed in the usual glass cups. See figure 1 of (10). One pair was employed for applying the current and the second pair for measuring the resultant electrical changes. This was done so that the polarization of the electrodes caused by the applied current would not be included in the measurement of the electrical responses. The electrical measurements were made with a duBridge amplifier (5 (11) . The chief variation noted in these curves is in the magnitude of the first reading after turning off the current. In 13 experiments of the series from which curve I was taken, the maximum electrical change was 55 millivolts, while the minimum was 30 millivolts (the average is 42 millivolts). When the current was applied 15 It is important to emphasize that the electrical phenomena measured in these experiments were due to the coleoptile tissue and not to the contacts or electrodes. Removal of the current applying electr6des from the circuit had no effect on the measurements, and a short eircuiting of the contacts with the current applying electrodes in the cups always gave a zero reading.
Curve I in figure 1B shows the bending of the coleoptile as measured by following the tip when the current was applied 5 millimeters below the apex. This curve is plotted so that the graph above the zero line indicates a curvature toward the electropositive side of the current applying circuit, while the curve below the zero line represents bending in the opposite direction. All of the subsequent curves showinig bending are plotted in the same way. The maximum curvature in the initial direction (toward the electropositive side) was reached 100 minutes after turning on the current. This period is longer than the average of 80 minutes in this series ( fig. 6 ). In most of the experiments the process of the reversal of the curvature, as shown by the peak of curve I above the zero lines, was not so abrupt. Curves II and III in figure 1B show the bending of the coleoptiles whose electrical response is represented by the corresponding curves in figure 1A . When the current was applied 10 millimeters below the apex (Curve II), a longer time was required for the maximum curvature to be reached and also for the tip to return to the zero position. In curve III (current applied 15 millimeters below the apex) still more time is required ( fig. 6 ). It will also be noted that the second bending toward the electronegative side starts only after the electrical polarity has decreased to a relatively small value.
The fact that curves II and III reach a maximum greater than attained by curve I is not necessarily an indication of greater curvature. Since the region of curvature in the coleoptiles II and III is farther below the apex, the radius of the curvature arc is longer than in plant I. Subsequent data show (table I) that a given quantity of current induces curvature more effectively when applied 5 millimeters below the apex than when applied to more basal sections.
Control experiments prove that these curvatures are caused solely by the applied current and not by other environmental factors. For example, application of the current in the opposite direction gave duplicate but reversed results.
All of the experiments represented by figure 1 were performed at a temperature of 23 figure 1A indicate that there is a variation in the electrical response of the different regiofis along the longitudinal axis of the coleoptile when a given current is applied for a unit of time. The curves in figure 5 show this variation. Each of the curves in this figure is an average of 10 or more experiments.
In general, the electrical curves are very similar, differing only in a few aspects. Curve V, from experiments in which the ecurrent was applied 20 figure 1B indicate that 10 /Aamperes applied transversely to the coleoptile for 10 minutes at different distances below the apex results in curvature variations. These differences are shown in figure 6 . Each of the curves is an average of 10 or more experiments. These curves correspond to the electrical curves in figure 5 . A comparison of the curves I through V establishes the following fact: As the distance from the apex for applying MILLIMETERS these ecurves cannot be used for comparing magnitudes of curvature, because they were obtainied by plotting the coleoptile tip position on a horizontal scale. If it is assumed that the region of greatest bending is located the same distance below the apex as the contacts, then certain simple calculations cani be made. Cturve II in figure 6 (ecurrenlt applied 5 millimeters below the apex) shows the maximum tip displacemenit of 1.75 milliineters from its original position. Taking 1.75 millimeters as the short leg anid 5 millimeters as the longer leg of a right triangle, theni the ang,le opposite the short leg, (angle of curvature) is equial to 19.3 degrees. This should approximate the maximum curvature which was induced by applying the current. Angles derived in the samne way friom curves III, IV, and V are equal to 15.7, 11.6, and 9.1 degrees, respectively. This indicates that a given quantity of currenit is more effective in inducinig curvature when applied to the apical sectionis of the coleoptile than wlhen applied to the basal regions. These calcuilations led to the following-set of experiments. Foutr planlts weire ulsed in each experiment. They were carefully selected for uiniform length (30 ± 1 mm.), straiohtnless, development of root system, etc. As in previous experiments, cuirrent was applied at the designated distances below the apex. Proper precautions were taken to prevent the zinc sulphate from being carried to the plants by the current. After the current ha(l beeni applied, the coleoptiles were left in holders under the filtered neon light until they reached their maximum curvature in the initial direction. For example, plants to which current was applied 5 millimeters below the apex were allowed 80 miniutes before the curvature was measured. (In cuirve II of figuire 6 the miaximum cuirvature was reached 80 minutes after ecurren-t application.) The time allotted to plants to wlhich the current was applied at other distancies from the apex was similarly determined from the appropriate cuirve in figure 6 . At the end of the designated time, curvature was measured by the JTTDKINS method (7) . Table I gives the results from five experimnents selected at random. These data confirm the evidence that ecurrenit applied to the apical regions is more effective in inducing curvatuire than wheln applied to the basal regoins. WILKS and LUND (15) altogether (1, 14) . With this fact in mind, a comparison was made between the effects of applying current 25 millimeters below the apex to coleoptiles 30 and 35 millimeters long. Figure 7 gives the results in the form of average curves. The curves in figure 7A show a greater electrical change in 30 millimeter plants (curve I) than in the longer ones. Similarly, the curves in figure 7B , which correspond to the electrical curves in figure 7A , show that a given quantity of current applied 25 millimeters below the apex is much more effective in inducing curvature in the shorter and younger plants (curve I is from 30-millimeter plants).
Discussion
Results of experiments reported in an earlier paper (11) have demonstrated the following two facts: (1) Bending and electrical polarity changes can be induced in the Avena coleoptile by the transverse application of 5 to 20 ,uamperes for 2 minutes to the apical 5 millimeters. (2) The direction of the curvature and the orientation of the established polarity are dependent on the direction of the applied current flow.
The bending is always toward the positive pole in the applying circuit.
PLANT PHYSIOLOGY
Since the active portion of the auxin molecule is an anion, it should be transported toward the electropositive pole and thus result in a bending toward the electronegative pole. The previously reported and present experimental findings are directly opposite to this, which means that they do not fit into the original WENT (13) KOiGL (8) conception of electrophoretic transport. On the basis of these facts, several other possibilities might be suggested: (1) The auxin molecule is transported as a positively charged particle; (2) the applied current influences auxin transport by a method other than electrophoresis; (3) the applied current affects the auxin-growth linkage in some way other than transport.
The present experiments confirm the previous findings (11) , and prove that bending can be induced by transverse current flow through any 2-millimeter longitudinal section ( fig. 1B, 2, 3, 4, and 6 ). Table I shows that a given quantity of current induces curvature more effectively when it is applied to apical sections than when applied to basal regions. THIMANN (12) has demonstrated a gradient of auxin distribution along the longitudinal axis of the coleoptile with the highest concentration in the apical 2 millimeters. These facts extend support to the idea that the applied current produces its effects via the hormone mechanism. From figures 2 and 3 it is evident that the zone of curvature moves toward the base. This suggests that the hormones are transported across the coleoptile by the applied current. The present investigation was not intended primarily to prove or disprove this suggestion. Experiments relating specifically to this point are in progress and will be published later.
Since the potential difference which was applied to the coleoptiles in these experiments (2.7 to 4.4 volts) is somewhat larger than the inherent potential differences, the question of whether or not the experimentally applied current is of the same order of magnitude as the inherent bioelectric currents arises. Additional data are needed before a definite statement can be made in this connection, but attention should be directed to the fact that a very high resistance of the coleoptile epidermis must be taken into consideration.
The reader should also recall that the inherent currents are continually in operation while the applied current was used for only 10 minutes.
The significance of the present experiments is to a large extent dependent on the fact that the induced curvature is actually a result of growth phenomena. Since it is known that the turgidity of some plant cells can be decreased by applied direct current, the possibility of inducing a sort of "osmotic"' curvature in the coleoptile must be eliminated. Several reasons, which indicate that the curvature induced by transversely applied current is very likely not due to-turgor changes, were given in an earlier paper (11) .
Furthermore, it can be shown by marking experiments that both sides of the coleoptile continue to elongate after the current has been applied. The side to which the electronegative contact was applied elongates more rapidly than the opposite side. In a typical experiment of this kind it was found that in the apical 20 millimeters (10 lAamperes applied transversely for 10 minutes 5 millimeters below the apex) the electronegative side elongates 1.50 millimeters while the electropositive side elongates 1.05 millimeters in the same time. These facts, in addition to those previously mentioned (11) , prove that the curvature which is being studied is due to growth phenomena and not to turgor changes.
The curves in figure 5 demonstrate a difference in the electrical responses when the current is applied at various levels below the apex. Maximum electrical response is obtained in the regions of the coleoptile which are actively elongating (1, 14) (see also figure 7A ). This suggests a possible relation between the two phenomena. Examination of the curves in figure  5 in the light of THIMANN's data (12) indicates that the magnitude and the time course of the electrical changes, which are induced by the applied current, are not dependent on the distribution of growth hormones. Summary 1. Ten juamperes of direct current applied transversely for 10 minutes to any level below the apex of the Avena coleoptile establishes a transverse electrical polarity and causes the coleoptile to bend.
2. The initial bending, in and above the contact region, is toward the electropositive pole of the current applying circuit. This is followed by a second bending which is basal to the contacts and toward the negative side of the coleoptile.
3. As the distance between the apex and the current applying contacts is increased, the amount of curvature induced by the given current decreases, but the time required to attain the maximum curvature in the initial direction increases.
4. A given quantity of current induces maximum electrical polarity when it is applied to levels more than 5 millimeters below the apex.
5. The curvature which was studied is due to growth phenomena and not to turgor changes. 6 . The magnitude of the transverse electrical polarity and the time course of the electrical changes are not dependent on the distribution of the growth hormones.
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